Abstract. MicroRNAs (miRs) are small non-coding RNAs with regulatory roles, which are involved in a broad spectrum of physiological and pathological processes, including cancer development and progression. However, the function of miR-185 in the development of human colon cancer has not yet been investigated. In this study, the association between miR-185 expression and the clinicopathological characteristics of patients with colon cancer was analyzed using quantitative polymerase chain reaction (qPCR). Using a gain-of-function approach, the effects of miR-185 overexpression on the expression of hypoxia-inducible factor-2α (HIF-2α), proliferating cell nuclear antigen (PCNA) and matrix metallopeptidase-2 (MMP-2) were investigated in SW620 colon cancer cells using qPCR and western blotting. Functional analysis of cellular proliferative activities, by MTT assay, and invasive potential, by Transwell assay, was conducted on SW620 cells expressing low levels of miR-185. miR-185 was found to be significantly downregulated in cancer tissues compared with adjacent non-cancerous tissues, and was negatively correlated with lymph node metastasis of colon cancer (P<0.001). miR-185 overexpression in vitro impeded cellular proliferation and invasive potential with reduced expression of HIF-2α, PCNA and MMP-2 in SW620 cells transfected with an miR-185 mimic. In addition, the tumor volumes in SW620 subcutaneous nude mouse models treated with miR-185 were significantly smaller than those of the control group. In conclusion, these findings indicate that miR-185 as a tumor suppressor may affect the development of colon cancer cells via inhibition of HIF-2α signaling, suggesting that miR-185 may serve as a potential therapeutic target in cancer treatment.
Introduction
Colorectal cancer (CRC) is a major burden to healthcare systems worldwide, accounting for approximately one million novel cancer cases (1) . Although CRC mortality has decreased over the last 20 years, it remains the third most common cause of cancer-associated mortality, accounting for ~600,000 fatalities in 2008 worldwide (1) . Therefore, identification of tumor biomarkers for screening and early detection is imperative for patients with colon cancer.
MicroRNAs (miRs) are endogenous small non-coding RNA molecules that regulate gene expression in a sequence-specific manner. This is primarily accomplished through binding to the 3' untranslated region of target mRNAs, either targeting the transcripts for degradation or inhibiting their translation (2) . miRs are crucial not only in tissue development but also in the pathology of a number of diseases. A reduction in miR-185 expression levels has been demonstrated to alter dendritic and spinal development, and has also been implicated in psychiatric disorders and cognitive dysfunction (3) . miR-185 regulates numerous biological functions, including immune and inflammatory responses, and glutathione metabolism in alcoholic liver disease (4) . miR-185 also represses selective high-density lipoprotein cholesterol uptake through the inhibition of scavenger receptor class B member 1 in human hepatic cells, implicating an important role of miRs in modulating cholesterol metabolism (5) .
The deregulation of miR expression has been identified in several types of cancer. miR-185 was observed to exhibit significant differential expression in prostate cancer and normal tissue, and has been shown to suppress the proliferation, invasion, migration and tumorigenicity of prostate cancer cells through targeting androgen receptors (6) . Furthermore, miR-185 was found to inhibit cell growth and cell cycle progression, and its expression was reduced in non-small cell (8, 9) . In order to investigate the function of miR-185 in colon cancer, the clinical significance of miR-185 expression in colon cancer was analyzed in the present study using qPCR, and the effects of miR-185 overexpression on cell proliferation and the invasive potential of SW620 colon cancer cells were investigated, in order to evaluate miR-185 as a potential therapeutic target in colon cancer. Cell culture and infection. The SW620 cells were cultured in DMEM supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. This was placed in a humidified atmosphere containing 5% CO 2 at 37˚C. Either the miR-185 mimic or the negative control was used to infect the SW620 cells. The cells were subcultured at a 1:5 dilution in 300 µg/ml G418-containing medium. Positive stable transfectants were selected and expanded for further investigation. The clone transfected by the miR-185 mimic was termed the miR-185 mimic group, the clone transfected by the negative control was termed the NC group and SW620 cells without transfection were termed the CON group.
Materials and methods

Materials
Western blot analysis. Colon cancer cells were harvested and extracted using lysis buffer (containing Tris-HCl, SDS, mercaptoethanol and glycerol). The cell extracts were boiled for 5 min in loading buffer and then equal quantities of cell extracts were separated on 15% SDS-PAGE gels. The separated protein bands were transferred to polyvinylidene fluoride membranes and the membranes were then blocked in 5% skimmed milk powder. The primary antibodies against HIF-2α, proliferating cell nuclear antigen (PCNA) and matrix metallopeptidase-2 (MMP-2) were diluted according to the manufacturer's instructions and incubated overnight at 4˚C. Horseradish peroxidase-linked goat anti-mouse and goat anti-rabbit IgG secondary antibodies were then added at a dilution ratio of 1:1,000 and the membranes were incubated at room temperature for 2 h. The membranes were then washed with phosphate-buffered saline (PBS) three times and the immunoreactive bands were visualized using the ECL-PLUS kit according to the manufacturer's instructions. The relative protein levels of the different cell lines were normalized to the GAPDH concentration. Three separate experiments were performed for each clone.
Cell proliferation assay. Cell proliferation was analyzed with the MTT assay. Briefly, cells infected with miR-185 mimic were incubated in 96-well-plates at a density of 1x10 5 cells per well in DMEM supplemented with 10% FBS. The cells were treated with 20 µl MTT dye for 0, 24, 48 and 72 h, and then incubated with 150 µl dimethylsulfoxide for 5 min. The color reaction was measured at 570 nm with an Automated immunoassay analyzer (Bio-Rad Laboratories, Hercules, CA, USA). The proliferation activity was calculated for each clone.
Transwell invasion assay. Transwell filters were coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA; 3.9 µg/µl, 60-80 µl) on the upper surface of a polycarbonic membrane (diameter, 6.5 mm; pore size, 8 µm; Corning, Corning, NY, USA). Following incubation at 37˚C for 30 min, the Matrigel solidified and served as the extracellular matrix for analysis of tumor cell invasion. Harvested cells (1x10 5 ) in 100 µl serum-free DMEM were added into the upper compartment of the chamber. A total of 200 µl conditioned medium derived from NIH3T3 cells served as a source of chemoattractant and was placed in the bottom compartment of the chamber. After 24 h incubation at 37˚C with 5% CO 2 , the medium was removed from the upper chamber. The non-invaded cells on the upper side of the chamber were scraped off with a cotton swab. The cells that had migrated from the Matrigel into the pores of the inserted filter were fixed with 100% methanol, stained with hematoxylin, mounted and dried at 80˚C for 30 min. The number of cells invading through the Matrigel was counted in three randomly selected visual fields from the central and peripheral portions of the filter using an inverted microscope (Olympus, Tokyo, Japan; magnification, x200). Each assay was repeated three times.
Subcutaneous tumor model and gene therapy. Female immune-deficient nude mice (BALB/c-nu; age, 6 weeks) from the laboratory animal facility of the Hematology Institute of Chinese Academy of Sciences (Shanghai, China) were housed individually in microisolator ventilated cages with free access to water and food. All experimental procedures were performed according to the regulations and internal biosafety and bioethics guidelines of Shanghai Tongji University and the Shanghai Municipal Science and Technology Commission (Shanghai, China).
Four mice were injected subcutaneously with 1x10 8 SW620 cells in 50 µl PBS pre-mixed with an equal volume of matrigel matrix (Becton-Dickinson, Franklin Lakes, NJ, USA). The mice were monitored daily and three out of the four mice developed a subcutaneous tumor. When the tumors reached ~5 mm in length, they were surgically removed, cut into 1-2-mm 3 sections and reseeded individually into six other mice. When the reseeded tumors reached ~5 mm in length, the mice were randomly assigned to either the NC group or the miR-185-treated group. In the miR-185 group, 15 µl lentivirus was injected into the subcutaneous tumors using a multi-site injection format. The mice in the NC group received 15 µl PBS only. Injections were repeated every other day following the initial treatment. The tumor volume was measured every three days with a caliper, using the formula: Volume = (length x width) 2 /2.
Statistical analysis. SPSS 21.0 software (IBM, Armonk, NY, USA) was used for the statistical analysis. One-way analysis of variance (ANOVA) was used to analyze the differences between groups. The least significant difference method of multiple comparisons was used when the probability for ANOVA was statistically significant and P<0.05 was considered to indicate a statistically significant difference.
Results
Correlation of miR-185 expression with clinicopathologic characteristics of patients with colon cancer.
The expression of miR-185 in colon cancer tissues and ANCT was evaluated by RT-PCR. As shown in Fig. 1 , miR-185 expression was significantly reduced in cancer tissues compared with the ANCT (P<0.01).
The correlation of miR-185 expression with clinicopathologic characteristics of patients with colon cancer was further analyzed. As shown in Table I , the reduced expression of miR-185 was closely associated with lymph node metastasis of colon cancer (P<0.001), but was not associated with the age or gender of the patients, tumor size, degree of tumor differentiation or tumor-node-metastasis stage (P>0.05).
Modulation of miR-185 and HIF-2α expression.
The expression of miR-185 and HIF-2α was examined in different colon cancer cell lines. The expression level of miR-185, indicated by real-time PCR, was significantly reduced ( Fig. 2A) , while that of HIF-2α was increased in the SW620 colon cancer cells compared with the other cell lines, as shown by western blot analysis ( Fig. 2B and C) .
To monitor the effect of miR-185 overexpression on HIF-2α expression in target cells expressing low levels of miR-185, the miR-185 mimic and scrambled control were delivered into SW620 cells. The expression levels of miR-185 and HIF-2α following miR-185 mimic infection were further examined for 48 h by qPCR. As shown in Fig. 3A and B, a significant increase in miR-185 expression and a significant reduction in HIF-2α mRNA expression respectively were observed in the miR-185 mimic group compared with the NC and CON groups (each P<0.01). The expression level of HIF-2α protein, indicated by western blot analysis, was significantly downregulated in the miR-185 mimic group in comparison with the NC and CON groups (P<0.01, Fig. 3C and D) .
Effect of miR-185 overexpression on cell proliferation.
Deregulated cell proliferation is a hallmark of cancer (10) . In order to analyze the effect of miR-185 overexpression on the growth of colon cancer cells, the proliferative activities of SW620 cells were investigated by an MTT assay. miR-185 overexpression significantly diminished the proliferative activities of SW620 cells compared with the NC and CON groups (P<0.01, 
Effect of miR-185 overexpression on cell invasion.
To determine the effect of miR-185 overexpression on the invasive potential of colon cancer cells, a Transwell assay was performed. The invasive and metastatic potential was determined in the Transwell assay on the basis of the ability of cells to invade a matrix barrier containing laminin and type IV collagen, the predominant components of the basement membrane. Representative micrographs of Transwell filters are shown in Fig. 5A . The invasive potential of SW620 cells was significantly reduced in the miR-185 mimic group compared with the NC and CON groups (P<0.01, Fig. 5B) . A western blot analysis was performed to investigate the effect of miR-185 overexpression on the endogenous expression of the MMP-2 protein. The expression level of MMP-2 was found to be significantly reduced in the miR-185 mimic group compared with the NC and CON groups (P<0.01, Fig. 5C and D), indicating that miR-185 may inhibit cell invasion of colon cancer through downregulation of MMP-2 expression.
Antitumor effect of miR-185 in the SW620 xenograft model.
The in vitro experiments demonstrated that overexpression of miR-185 efficiently inhibited proliferation and invasion in SW620 colon cancer cells. The antitumor effect of miR-185 was further investigated in vivo using the SW620 xenograft model and lentivirus-mediated gene therapy. The mean volume of tumors in all experimental mice prior to treatment was . Each mouse was administered either in situ injection of PBS (n=3) or lentivirus-mediated miR-185 (n=3). During the first three weeks of recovery, the tumors in the miR-185 group grew at a slower rate compared with those in the PBS group (Fig. 6A and B) . There was a significant difference in tumor volumes and weight between the miR-185 and PBS groups over the observation period (P<0.01, Fig. 6C and D) .
Discussion
miRs are small regulatory RNAs involved in various physiological and cellular processes. Alterations of miRs are crucial for tumorigenesis (11) . miRs exhibit potential as diagnostic and prognostic biomarkers for colon cancer (12) . Using miR expression patterns and target prediction, previous studies have observed that miR-185 expression is upregulated and results in loss of function of tumor suppressors in clear cell renal cell carcinoma (13) and lung squamous cell carcinoma (14) . However, in the present study, miR-185 was found to have low expression in colon cancer tissues compared with ANCT, suggesting that miR-185 expression may be different among types of tumor tissue. miR-185 expression was demonstrated to be negatively correlated with lymph node metastasis of colon cancer. However, the clinical data collected lacked information regarding the survival times of the colon cancer patients, thus the association between miR-185 expression and survival time was not assessed. Nevertheless, another study indicated the potential prognostic value of miR-185 expression levels for predicting clinical outcomes following surgery (15) . Low expression of miR-185 is also associated with a poor outcome in glioma patients. miR-185 was found to suppress glioma cell invasion, indicating that it may be a potential prognostic marker and therapeutic target (16) . Previous studies have revealed that miR-185 impedes anchorage-independent growth, cell migration and invasion, in addition to suppressing tumor growth in vivo and increasing cisplatin sensitivity by promoting apoptosis, implicating it as a potent tumor suppressor (17) (18) (19) . In the present study, overexpression of miR-185 repressed the growth and invasion of colon cancer cells in vitro and in vivo, which was consistent with the results of previous studies, indicating that miR-185 is a negative regulator of RhoA and Cdc42 and their cellular activities, and can inhibit the proliferation and invasion of CRC cells (20) .
A number of studies have shown a link between the microRNA pathway and hypoxia signaling. HIF-2α is regulated by the Dicer-dependent miR-185, which is downregulated in hypoxia (21) . HIF-2α promotes hypoxic tumor cell proliferation by enhancing c-myc transcriptional activity (22) and results in CRC progression by dysregulating iron homeostasis (23) . Disruption of the HIF-2α gene inhibits tumor angiogenesis and perfusion in human colon cancer cells (24) . In the present study, overexpression of miR-185 suppressed proliferation and invasion, and reduced expression levels of HIF-2α in colon cancer cells, suggesting that miR-185 may be implicated in the development of colon cancer cells through inhibition of the HIF-2α pathway. However, whether HIF-2α is the target of miR-185 in colon cancer cells requires further investigation.
The findings of the present study showed that overexpression of miR-185 markedly reduced the expression of PCNA and MMP-2 in colon cancer cells at the translational level, indicating that miR-185 may suppress proliferation and invasion of colon cancer cells via the downregulation of PCNA and MMP-2 expression. PCNA is a nuclear protein that is expressed in proliferating cells and may be required for maintaining cell proliferation, which is used as a marker to evaluate colon cancer cell proliferation (25, 26) . MMP-2, a predictor of GM cell invasion, is pivotal in the degradation of the extracellular matrix, and thereby enhances the invasive, proliferative and metastatic potential of colon cancer (27) . Certain studies have confirmed that HIF-1 signaling promotes tumor migration and invasion through upregulation of MMP-2 and PCNA expression (28, 29) . However, there was no direct evidence that HIF-2α promoted proliferation and invasion of colon cancer cells through upregulation of MMP-2 and PCNA expression from the present study. Therefore, miR-185 may be involved in proliferation and invasion of colon cancer cells through inhibition of HIF-2α-mediated PCNA and MMP-2 expression.
In conclusion, these findings indicate that miR-185 as a tumor suppressor may be involved in the development of colon cancer cells via inhibition of HIF-2α signaling, suggesting that miR-185 may serve as a potential therapeutic target in the treatment of cancer.
